Introduction then conjugated via an isopeptide linkage between their C terminus and a primary amino group on the target by Posttranslational modification by ubiquitin and ubiquian enzymatic cascade that sequentially involves an E1 tin-like proteins (ubls) has emerged as an essential celluactivating enzyme, an E2 conjugating enzyme, and an lar regulatory mechanism. While the best-characterized E3 ligase (reviewed in ). First, the E1 acticonsequence of these modifications is proteasomevates the ubl's C terminus. In this step, the E1 binds the dependent degradation of multiubiquitinated proteins ubl, Mg has a dedicated E1, which exhibits remarkable specific-ity. For example, despite the fact that ubiquitin and , contains the Glyture of an APPBP1-UBA3-NEDD8 complex lacking a loop from APPBP1 (residues 254-258) and the N-ter-X-Gly-X-X-Gly ATP binding motif (Walker et al., 1982) . One of the E1-specific domains contains UBA3's cataminal 11 residues of UBA3 was refined at 3.0 Å , with four copies in the asymmetric unit (Table 1 teine, and divides the canyon into two clefts. The two The C-terminal tail sits in a very shallow channel on the surface of UBA3 and is clamped against UBA3 by the clefts are continuous with each other below and above the crossover loop. The large size of the two clefts in crossover loop. At the end of the tail, NEDD8's C terminus is inserted into the deeper ATP binding pocket in the apo APPBP1-UBA3 structure suggested that the clefts function to accommodate the E1's protein sub-UBA3. strates (Walden et al., 2003) .
In the quaternary complex, NEDD8 fits snugly in the NEDD8 Recognition by APPBP1-UBA3: Implications for Ubl-E1 Interactions groove in the middle of APPBP1-UBA3, in a manner resembling a baseball in a mitt (Figure 2 ). NEDD8's globWe describe the details of the interface between NEDD8 and APPBP1-UBA3 in three portions: (1) the polar interular domain fits in one cleft in the APPBP1-UBA3 structure. The C-terminal tail extends under the crossover face between the acidic face of NEDD8 and an E1-specific domain of APPBP1, (2) the hydrophobic interface beloop into the other cleft, toward ATP. NEDD8's C terminus is located within 4 Å of ATP's ␣-phosphate, poised tween the opposite face of NEDD8 and the conserved adenylation domain of UBA3, and (3) the interactions for the adenylation reaction.
APPBP1-UBA3 binds NEDD8 through a bipartite interbetween NEDD8's C-terminal tail and UBA3's adenylation domain and crossover loop. face, involving both the conserved adenylation domain and the E1-specific catalytic cysteine-containing doThe acidic face of NEDD8's globular domain interacts extensively with the catalytic cysteine domain portion main. From NEDD8, both the acidic and hydrophobic surfaces of the globular domain, as well as the C-terof APPBP1 (Figures 3 and 4A ). This interface involves the helix and subsequent loop in NEDD8 and a subdomain minal tail contact E1, resulting in an extensive proteinprotein interaction burying ‫0533ف‬ Å 2 and 34% of NEDD8 comprising APPBP1's residues 178-280 that serves as a wall for the broad, deep groove in the APPBP1-UBA3 (Figures 2 and 3 ). NEDD8's acidic face contacts a charged surface on the E1-specific catalytic cysteine structure. This portion of the interface is unique to eukaryotic E1s and is not found in distal bacterial reladomain portion of APPBP1. The opposite, hydrophobic face of NEDD8 contacts a hydrophobic surface on the tives such as MoeB (Lake et al., 2001 ). The nature of this interface is predominantly polar, with 11 residues adenylation domain portion of UBA3. NEDD8's C-terminal tail, continuous with the hydrophobic surface, exfrom NEDD8 forming a network of hydrogen bonds and salt bridges with 9 residues from APPBP1, burying tends away from the globular domain in a rigid manner. The structure is consistent with the mechanism for ubl activation proposed previously based on the E. coli affinity for ubiquitin-adenylate by three orders of magnitude ( Figure 6 ). An E1's selectivity is derived from differences in its of the E1 to make room for NEDD8 ( Figure 5A ). This results from a ‫01ف‬Њ rotation in hinges in two loops, about affinities for different ubls. Both attractive and repulsive forces play a role in determining specificity. In the residues 180 and 280. In addition, UBA3's crossover of UBA3's Leu206 and Tyr207 with the corresponding aspartate in ubiquitin's E1 sequence diminishes NEDD8 activation, it is not sufficient to allow APPBP1-UBA3 to activate ubiquitin (Walden et al., 2003) , raising the question of the identity of the E1's selectivity determinant.
In order to understand how an E1 selects against activating the wrong ubl, we modeled an arginine side chain into NEDD8's Ala72 position in the APPBP1-UBA3-NEDD8 structure ( Figure 6A) . The model suggests APPBP1-UBA3 cannot tolerate an arginine at NEDD8's position 72 because of repulsion from UBA3's Arg190. Consistent with this notion, UBA3's Arg190 is absolutely conserved as a basic residue from yeast to mammals ( Figure 6B ). By contrast, the corresponding residue in ubiquitin's own E1 is an absolutely conserved glutamine, which could promote interaction with an arginine side chain, rather than repelling it. We tested the role of UBA3's Arg190 in selecting against an arginine at NEDD8's or ubiquitin's position 72: mutation of UBA3's Arg190 to glutamine allows adenylation of both the NEDD8 A72R mutant and ubiquitin ( Figure 6C ). These results demonstrate that a single conserved arginine in APPBP1-UBA3 acts as a selectivity gate, preventing the misactivation of ubiquitin by NEDD8's E1.
Selectivity of Ubiquitin and Ubl Pathways
The APPBP1-UBA3-NEDD8 structure reveals that the NEDD8 conjugation machinery interacts with a multipurpose binding site on the ubl. NEDD8's Leu8/Ile44/Val70 an additional three residues on NEDD8 from cloning.
Just as ubl conjugation machinery has evolved specificity to ensure that the correct modification is coordinated with the correct target, the ubl recognition machinery must also distinguish between modifications. APPBP1-UBA3-NEDD8 structure, NEDD8's hydrophobic Ala72 interacts with UBA3's hydrophobic Leu206
For example, the proteasome recognizes multiubiquitin chains linked between Lys48 on the surface of one ubiand Tyr207 in the crossover loop. These favorable interactions may be preserved between other ubls and the quitin and the C terminus of the next. On the other hand, some UBA, UIM, and CUE domains interact with crossover loops of their E1s, as the properties of residue 72 in other ubls corresponds with the properties of resimonoubiquitin. It is likely that the functions of other ubl modifications will be executed through their interaction dues paralleling Leu206 and Tyr207 in other activating enzymes. The amino acids corresponding to NEDD8's with selective recognition machineries. The APPBP1-UBA3-NEDD8 structure reveals two mechanisms for esAla72 are an arginine in ubiquitin and a glutamate in SUMO-1 and Apg8p ( Figure 3A 
